Abstract. Radial glia are key neural progenitors involved in the development of the central nervous system. Tyrosine-protein phosphatase non-receptor type 11 (Shp2) is a widely expressed intracellular enzyme with multiple cellular functions. Previous studies have revealed the critical role of Shp2 in a variety of neural cell types; however, further investigation into the function of Shp2 within radial glia is required. In the present study, a conditional knockout mouse was generated using a human glial fibrillary acidic protein (hGFAP)-Cre driver, in which the Shp2 genes were deleted within radial glia. Loss of Shp2 within radial glia was associated with developmental retardation, postnatal lethality, reduced brain size and thinner cerebral cortices in newborn mice. Deletion of Shp2 also led to an increase in gliogenesis, a reduction in neural genesis and extracellular signal-regulated kinase signaling within the cerebral cortex. Furthermore, glial cell defects within the cerebellum of Shp2 mutants were observed, with abnormal granular cell retention and glial cell alignment in the external granular layer. In addition, Shp2 mutants exhibited impaired sensory-motor development. The results of the present study suggested that Shp2 may have an important role within radial glia, and regulate cerebral cortical and cerebellar development in newborn mice.
Introduction
Tyrosine-protein phosphatase non-receptor type 11 (Shp2) is a ubiquitously expressed intracellular enzyme which has critical cellular functions in a variety of processes, including survival, proliferation and differentiation (1, 2) ; however, systemic Shp2 loss has been associated with embryonic lethality (3) .
Shp2 has been demonstrated to regulate numerous signaling events, among which the mitogen-activated protein kinase (MAPK) signaling pathway was identified to be commonly facilitated by Shp2. Mutations in the protein tyrosine phosphatase, non-receptor type 11 (PTPN11) gene, which encodes Shp2 protein, have been reported to inhibit MAPK signaling (4, 5) . Due to its pivotal role, investigations into the effects exhibited by Shp2 have been conducted using Shp2 conditional knockout (cKO) mouse models in a variety of neural tissues and cell types using distinct Cre recombinase drivers. These models revealed that Shp2 may have roles within numerous areas and cell types during brain developmental processes, including forebrain neuron development (6) , cerebellum foliation (7) and oligodendrocyte generation (8) . Radial glia are neural progenitors with long radial processes, which serve key roles in the development of the central nervous system. The properties of radial glia were identified due to similarities with astrocytes, which contain glycogen granules and express glial fibrillary acidic protein (GFAP). In addition, radial glia have been considered to support the migration of nascent neurons (9) ; however, in the previous decade, investigations have focused on the progenitor capacity of radial glia within the cerebral cortex (10, 11) and cerebellum (11, 12) .
In the present study, transgenic mice with hGFAP-Cre under the control of a glial-specific promoter were used to ablate Shp2 expression within radial glia (13, 14) . In contrast to the GFAP-Cre system, which is commonly used to generate astrocyte-specific gene knockout model, the hGFAP-Cre recombinase is expressed within cerebral cortical radial glia at E13.5-E14 and cerebellar radial glia at E13.5-E16.5 (15, 16) . Shp2 knockout within radial glia was associated with postnatal growth failure, cerebral cortical dysplasia with decreased extracellular signal-regulated kinase (ERK) signaling, glial defects of cerebellum and impaired sensory-motor functions. Collectively, the findings of the present study revealed the critical function of Shp2 in radial glia that contributes to cerebral cortical and cerebellar development in newborn mice.
Materials and methods
Mice. A total of 290 newborn mice were used in this study. The newborn mice as well as their parents had continuous access to food and water and were housed in cages in a room maintained at a temperature of 20-22˚C with a 12-h light/dark cycle. The present study was approved by the Ethics Committee the First Affiliated Hospital, Zhejiang University School of Medicine (Hangzhou, China). All mice received humane care, in accordance with the guide prepared by the Committee of Care and Use of Laboratory Animals. The hGFAP-Cre line and floxed Shp2 line were both purchased from the Jackson Laboratory (Ben Harbor, ME, USA). hGFAP-Cre line (17) were interbred with the floxed Shp2 line (18) to generate Shp2 f/f ; hGAFP Cre/+ mice, in which the Shp2 gene was conditionally knocked out (Shp2 CKO).
Western blot analysis. Whole brain and microdissected cortices lysates obtained from 14-day-old male newborn mice were extracted with radioimmunoprecipitation assay buffer (Biyuntian Biotechnology Co., Ltd., Haimen, China) containing 1 mM phenylmethylsulfonyl fluoride (Haoxin Biotechnology, Hangzhou, China) (http://www.hzhxbio. com). Protein concentration was measured using a bicinchoninic acid protein assay kit (CW Biotech, Beijing, China). A total of 40 µg/lane protein was separated by 10% SDS-PAGE, transferred onto nitrocellulose membranes (EMD Millipore, Billerica, MA, USA), and then incubated with 10% bovine serum albumin solution (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at 37˚C for 1 h. Blots were probed with antibodies specific for Shp2 (sc-7384, 1:1,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), phosphorylated ERK (pERK, 4370S, 1:2,000; Cell Signaling Technology, Inc., Danvers, MA, USA), total ERK (tERK, 9102S, 1:1,000), pAKT serine/threonine kinase (pAKT, 4060S, 1:2,000) and total AKT (tAKT, 4685S, 1:1,000) (all from Cell Signaling Technology, Inc.) and β-tubulin (sc-365791, 1:500; Santa Cruz Biotechnology, Inc.) overnight at 4˚C. Membranes were then probed with goat anti-rabbit 800 (SA5-35571, 1:10,000; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) or anti-mouse antibodies (A-11001, 1:5,000; Invitrogen; Thermo Fisher Scientific, Inc.) for 2 h at room temperature. Immunoreactive bands were visualized using a two-color infrared imaging system (LI-COR Biosciences, Lincoln, NE, USA).
Histology and immunohistochemistry. Newborn mice were anesthetized with pentobarbital sodium salt (Sigma-Aldrich; Merck KGaA) and transcardially perfused with 0.9% NaCl, followed by 3 or 4% paraformaldehyde/PBS. The cerebrum and cerebellum were removed, fixed overnight with PBS (pH 7.2) containing 4% paraformaldehyde at 4˚C and embedded in paraffin wax. Samples were cut into 4 µm sections. Hematoxylin and eosin (H&E) staining (Beyotime Institute of Biotechnology, Haimen, China) and toluidine blue staining (Wuhan Goodbio Technology Co., Ltd., Wuhan, China) (http://www.servicebio.cn) were performed according to the manufacturer's instructions. Following deparaffinization, tissues were rehydrated with graded alcohol (100, 95 and 50%) and blocked with goat serum (Fuzhou Maixin Biotech Co., Ltd., Fuzhou, China) at 37˚C for 15 min. Antigen retrieval was performed using 0.01 M citrate buffer (pH 6.0) at 100˚C for 2 min, and then washed with PBS. Permeablization was performed for 10 min with PBS containing 0.1% Triton X-100 and then washed with PBS. Incubation of primary and secondary antibodies for immunostaining was performed according to standard protocols. The primary antibodies were incubated overnight at 4˚C using the following: Anti-GFAP (HPA056030, 1:100; Sigma-Aldrich; Merck KGaA), anti-neuronal specific nuclear protein (NeuN, ABN78, 1:200; EMD Millipore), anti-Ki67 (ab15580, 1:100; Abcam, Cambridge, UK), anti-ERK (4696S, 1:100; Cell Signaling Technology, Inc.), anti-pERK (9101S, 1:250; Cell Signaling Technology, Inc.), anti-AKT (4685S, 1:100; Cell Signaling, MA, USA), anti-pAKT (4060S, 1:100; Cell Signaling Technology, Inc.). Then incubation of secondary antibodies at room temperature for 2 h was performed with Goat anti-rabbit 800 (SA5-35571, 1:100; Invitrogen; Thermo Fisher Scientific, Inc.) or anti-mouse antibodies (A-11001, 1:100; Invitrogen; Thermo Fisher Scientific, Inc.). Terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling (TUNEL) staining was performed according to the manufacturer's protocol (Roche Applied Science, Branford, CT, USA). Images were collected with a laser confocal microscope (Olympus IX71; Olympus Corporation, Tokyo Japan), or the Nikon E600FN (Nikon Corporation, Tokyo, Japan) microscope and 5 randomly selected fields of view were observed.
Cell counting was performed according to a previously published method (19) . Quantification of cell numbers was performed using the ImageJ software version 1.48 (National Institutes of Health, Bethesda, MD, USA) by a blinded observer.
Newborn mice behavior analyses. Behavior of newborn mice aged 5-15 days was examined as described in a recent study (20) with modifications. General health of the newborns was evaluated by measuring body weight. For motor and sensory reflex development evaluation, the righting reflex test, sound attraction test, the wire hanging test and nest finding test were performed as follows.
Righting reflex test. Newborn mice were placed on their backs and the duration for righting itself on all four limbs was measured. 'Success' was defined as the duration of righting in <3 sec.
Sound attraction test.
Each newborn was placed at the center of a round platform with a radius of 15 cm with soft walls to provide protection against edges. Auditory stimuli were administered by gentle scratch to sandpaper and the response of the newborn was measured. A score of 0 indicated no response, 0.5 was given when the newborn turned his head to the direction of the sound and a score of 1 was given when the newborn moved towards the sound on three consecutive accounts.
Wire hanging test. The duration the newborn can hold on a vertical wire before landing on a soft material was measured. The mean time was recorded for three sequential times.
Nest finding test. The ability for the newborn to return to the nest was measured by placing the newborn 2 cm from the nest and observed for 60 sec. Mice behavior was scored 0 when no attempt to return to the nest was observed. A score of 0.5 was given when the newborn successfully made to the nest or moved in the correct direction towards the nest at least once and a score of 1 was given when the newborn successfully arrived the nest on three consecutive accounts.
Statistical analysis. Statistical analyses were conducted using either two-way analysis of variance with the Bonferroni's post hoc test or the Student's t-test to compare groups. All experiments were repeated ≤4 times. Data are presented as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results

Deletion of Shp2 in radial glia leads to postnatal growth failure and lethality in newborn mice. Shp2
f/f mice were crossed with hGFAP-Cre mice to produce litters of +/+ Shp2 wild-type (WT), -/+ heterozygous Shp2 KO and -/-Shp2 CKO mice. Successful deletion of Shp2 in the radial glia was validated on both mRNA and protein levels (data not shown). Retardation in postnatal growth and reductions in body weight were observed in the Shp2 CKO group compared with the WT mice in the first two weeks after birth; alterations in postnatal weight of heterozygous mice were not observed ( Fig. 1A and B) . The results of the present study suggested that heterozygous Shp2 KO was not associated with a change in postnatal weight. In addition, postnatal lethality exhibited by Shp2 CKO mice appeared to be associated with sex, Shp2 CKO male mice were affected more severely compared with in Shp2 CKO female mice ( Fig. 1C; Shp2 CKO mice exhibit cerebral cortical development defects. A previous study in which Erk2 was conditionally deleted in radial glia resulted in smaller brain size and defective cortical cytoarchitecture (19) . As Shp2 is an important modulator of the MAPK signaling (21), the effects of Shp2 knockout may be associated to the effects observed with in Erk2 CKO mice. The total brain weight was similar in Shp2 CKO group and the WT group at P2, but was significantly lower in Shp2 CKO group compared with WT mice at P14 (Fig. 1D) . Shp2 CKO mice also exhibited a decrease in brain size (Fig. 1E) , mainly caused by significant decrease in cortical area measured by anteroposterior length and cortical length compared with WT at P2 and P14 (Fig. 1F-H) . Further analysis of cortical thickness within the Shp2 CKO mice indicated a significant reduction in cortical thickness (Fig. 1I ) compared with in the Shp2 WT group. In addition, a reduction in thickness within primary motor, somatosensory, auditory and visual cortices was observed in CKO mice compared with WT (Fig. 1J) . The results of the present study indicate that deletion of Shp2 in radial glia led to defective cortical development.
Loss of Shp2 within radial glia leads to altered cellular composition of the cortex and impaired corticogenesis.
To investigate the cellular basis for the reduction in cortical thickness within Shp2 CKO mice, the total number of DAPI + and NeuN + cells per cortical region were quantified. The results revealed a >40% reduction in total cell density within the Shp2 CKO cortex ( Fig. 2A and B) . In addition, a significant decrease, >60%, of NeuN + cells per cortical region and a >2-fold increase in non-neuronal cells was detected in Shp2 CKO mice compared with WT mice (Fig. 2C and D) . The results of the present study indicated that reduced cortical thickness due to Shp2 deletion within radial glia was associated with the generation of fewer neurons and more non-neuronal cells. Immunohistochemistry analysis of glial cell markers led to the identification of non-neuronal cells; a marked increase in GFAP + glial cells was observed throughout the cortex in CKO mice compared with WT mice (Fig. 2E and F) . A previous study reported that radial glia may regulate gliogenesis and neurogenesis within the mammalian cerebral cortex (11); the present study suggested that Shp2 may serve a role in radial glial cell differentiation within the process of gliogenesis, but inhibits neurogenesis.
The proliferation marker Ki67 in the ventricular zone (VZ) of mice was analyzed at P4 in the present study. A significant reduction of Ki67 + cells was observed in the Shp2 CKO group compared with in the Shp2 WT group (Fig. 2G and H) , indicating that neural stem cell proliferation in the cerebral cortex was impaired within Shp2 CKO mice. Cell survival was also evaluated within Shp2 CKO cortex tissue via TUNEL analysis. An increase in apoptosis was observed at P14 within the Shp2 CKO mice compared with WT (Fig. 2I) . The findings of the present study indicated that the reduction in cell density exhibited within the Shp2 CKO group may be due to a decrease in cell proliferation and an increase in cell apoptosis.
Erk activity is altered in the Shp2 CKO newborn mice. Shp2 has been previously demonstrated to be an important factor involved in a variety of signaling cascades, among which ERK and AKT are two effector molecules investigated in studies where Shp2 is dysregulated (21) . Phenotypic alterations within the cerebral cortex of Shp2 CKO mice were similar to those described in a previous study of mice with defective ERK signaling within the radial glia (19) . Analyses of tERK, pERK, tAKT and pAKT expression levels revealed a decrease in pERK levels within the cerebral cortex of Shp2 CKO mice compared with in Shp2 WT mice; however, significant alterations in tERK, tAKT and pAKT levels were not observed (Fig. 3A-C) . These results suggested that the ERK signaling pathway within the cerebral cortex is affected by Shp2 KO in radial glia.
Deletion of Shp2 in radial glia leads to glial defects in cerebellum.
Radial glia possess the ability to generate glial and neuronal cells within the cerebral cortex. A previous study demonstrated that the majority of radial glia bypass neurogenesis and retain the glial cell phenotype within the cerebellum (22) , similar to the gross appearance of cerebellum tissue of the Shp2 CKO mice (Fig. 1E) . However, histological analysis by H&E staining of cerebellar sections indicated that at P14 in the Shp2 CKO cerebellum there were abnormal cell clusters at the pial surface, which is the site of the neonatal transient external granular layer (EGL), while in WT this outer region was not present (Fig. 4A and B) . Furthermore, immunohistochemical analysis of cerebellar sections fromP14 mice showed aberrant alignment of the glial cells in the EGL of Shp2 CKO mice (Fig. 4C and D) . As radial glia-derived glial cells in the EGL have critical functions in development of cerebellum by mediating granular cell migration from EGL to the internal granular layer (IGL). These results suggest that Shp2 deficiency in radial glia resulted in defective glial cells in the EGL, which led to failed migration of granular cells and abnormal retention of cell clusters. Together, these data suggest that expression of Shp2 in the radial glia has a pivotal role in regulating cerebellar development.
Deletion of Shp2 in radial glia is associated with impaired sensory-motor development.
The emergence of coordinated sensory-motor behaviors are dependent upon the establishment Figure 3 . ERK activity is altered within Shp2 CKO microdissected cerebral cortex tissue. (A) Western blot analysis of cortical lysates isolated from P8 newborn mice within the Shp2 CKO and WT groups. (B) Shp2 CKO mice revealed a significant decrease in pERK expression levels, but no change in tERK expression level compared with Shp2 WT mice at P8; *** P<0.001. (C) A significant alteration in the expression levels of pAKT and tAKT within the Shp2 CKO was not observed compared with those in the Shp2 WT group. Data are expressed as the mean ± standard deviation, n=4-8 in each group. CKO, conditional knockout; ERK, extracellular signal-regulated kinase; p, phosphorylated; t, total; AKT, AKT serine/threonine kinase; Shp2, tyrosine-protein phosphatase non-receptor type 11; WT, wild-type. Figure 5 . Deletion of Shp2 in radial glia impairs sensory-motor development. Nest finding score of (A) male and (B) female Shp2 CKO, HET and WT newborn mice. Scores are represented on a scale from 0, no response, to 1, success arrival to the nest in three trials. Sensory attraction score of (C) male and (D) female newborn mice. Scores are represented on a scale from 0, no response, to 1, moved towards the stimulus in three trials. Righting reflex of (E) male and (F) newborn mice. 'Success' was defined as the day on which newborns achieved the criteria of righting in <3 sec. Wire hanging ability of (G) male and (H) female newborn mice. Duration was measured until the newborn release their hold of a vertical wire. Data are expressed as the mean ± standard deviation. CKO and HET groups were compared. of distinct connections between the discrete populations of functioning neurons within the cortex and cerebellum (23, 24) . Patients with mutations in the PTPN11 gene associated with Noonan syndrome exhibit numerous sensory and motor disorders, including hearing loss, muscle hypotonia, motor development delay and learning disabilities (25) . Shp2 CKO mice exhibited marked ataxia at P14. As cerebral cortical and cerebellar development was observed to be severely affected by Shp2 loss, the effect of Shp2 CKO for sensory-motor function development of newborn mice was investigated. The nest finding test was applied to evaluate the comprehensive ability of newborn mice to identify and return to the nest using motor skills and motivation. The results of the present study demonstrated a decrease in nest finding scores in the Shp2 CKO group compared with in the WT and heterozygous groups from P7 in both sexes; however, all mice achieved maximal scores at postnatal day 14 ( Fig. 5A and B) . The capability of newborn mice to react to auditory stimulus was investigated ~2 days after the nest finding test; development of this ability within Shp2 CKO mice of both sexes were delayed compared with in the Shp2 WT and Shp2 heterozygous mice groups from P9; the marked variation remained evident at P14 (Fig. 5C and D) . Muscle strength of the newborn mice was assessed via the wire hanging and righting reflex tests. In both sexes, Shp2 CKO mice demonstrated a delayed acquisition of righting ability from P9 ( Fig. 5E and F) and a significant reduction in wire hanging duration from P11 ( Fig. 5G and H) compared with in the WT and heterozygous groups. The results of the present study suggested that Shp2 expression in radial glial is involved in the development of somatosensory function and motor function in newborn mice.
Discussion
The size and complexity of cerebral cortex in mammals has been demonstrated to be developmentally associated with the generation of neural progenitor cells (26, 27) ; structural development of the cerebral cortex has been reported to be regulated by a variety of signaling molecules and transcription factors (28, 29) . In the present study, newborn mice deficient of Shp2 in radial glia, the key organizer and progenitor cells in cerebral cortex, exhibited growth retardation and postnatal lethality accompanied with significant defects in the cerebral cortex. Smaller and thinner cerebral cortices were associated with decreased cortical cell density, reduced proliferative ability of VZ neural progenitors and increased cortical cell apoptosis. As radial glia are considered to be the primary progenitor cell type that comprise the majority of mitotically active cells within the VZ (30) , the results of the present study may indicate that Shp2 is indispensable for the self-renewal and proliferation of cortical radial glia. In addition, appropriate functioning of the cerebral cortex depends on accurate regulation of the generation of various types of neural cells, in particular neurons and glia (31, 32) . Almost all neurogenesis occurs prenatally, except in the subventricular and subgranular zones; however, the generation of glia predominantly perinatally or in the early postnatal period. The sequential processes of neuro-and gliogenesis are required for normal cytoarchitecture of the cerebral cortex (33, 34) . The present study reported that Shp2 KO within radial glia resulted in the generation of fewer cortical neurons, but an increase in the number of glial cells. Therefore, Shp2 may affect the differentiation process of radial glia of the cerebral cortex.
A previous study demonstrated that the conditional deletion of Erk2 within radial glia using the hGFAP-Cre recombinase system was associated with cerebral deficits, analogous to the results of the present study, including reduced brain size and ventricular proliferative ability, as well as increased gliogenesis and decreased neurogenesis (19) . ERK1/2 has been demonstrated to be a critical downstream factor of Shp2; ERK2 is 13 times more abundant than ERK1 in the superficial cortex of nude mice (35) . Analysis of the ERK signaling pathway revealed a marked reduction in cortical pERK levels within Shp2 CKO mice compared with WT. The results of the present study supported the pivotal role of the ERK pathway in the regulation of corticogenesis. In addition, Shp2 may be involved in the regulation of radial glia proliferation and differentiation via modulation of ERK activity.
Unlike its role in the cerebral cortex, radial glia do not generate granular cells inn mammalian cerebellum (36) ; however, radial fibers develop from the radial glia and facilitate inward migration of granular cells from the EGL to the IGL post-birth (22) . In the present study, abnormal retention of granular cells within the EGL was observed, accompanied with defective glial fibers between the EGL and the IGL. However, histological analysis did not reveal significant alterations in cell density of granular cells within the IGL of Shp2 CKO. The gross appearance of Shp2 CKO cerebellum was similar to that of Shp2 WT mice. These findings indicated that Shp2 expression in radial glia of the cerebellum is involved in the migration process of granular cells during cerebellar development; however, Shp2 function may be limited to the regulation of scaffolding within radial glia, with less influence on granular cell proliferation and maturation. However, the limited duration of observation (~3 weeks) may affect the observed effects of Shp2 CKO in further cerebellar lamination and foliation.
In the present study, developmental delay of sensory-motor function within Shp2 CKO mice was demonstrated in numerous aspects, including somatosensory function via the sound attraction test, muscle strength via the wire holding test and comprehensive sensory-motor function via the nest finding test. These results indicate a key role for radial glial Shp2 in the acquisition of complex neurological functions and behaviors. Additionally, these findings further suggested that radial glia may be an important neural cell type involved in human Noonan syndrome, associated with disease-associated sensory-motor dysfunctions and developmental deficits.
In conclusion, loss of Shp2 within radial glia resulted in cortical dysplasia with decreased ERK signaling. Shp2 CKO was associated with glial defects and impaired sensory-motor development of newborn mice. The results of the present study provide a critical insight into the function of radial glia Shp2 regulation of neural and behavioral development.
